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The effect of egg shell powder (ES) as an environmental friendly inhibitor was studied for its corrosion
inhibitive tendency on N08904 austenitic stainless steel in simulated saline (3.5% NaCl) solution using
potentiodynamic polarization, weight loss, and SEM/EDX at room temperature. The experimental data
explained the effective performance of ES with values of 57%e100% inhibition efﬁciency, at 2 ge10 g
inhibitor concentration fromweight loss tests due to the inhibition of stainless steel. The electrochemical
action was as a result of the ionized particles which inhibit the compound inﬂuencing the redox reaction
mechanism causing surface corrosion. ES's best performance was achieved when 6 g of the inhibitor
concentration was added to the saline medium. Corrosion rate value decreased progressively with the
presence of inhibitor because of anions adsorption at the interface of the metal ﬁlm. Corrosion potential
(Ecorr) value was found to decrease from 0.3991 V to 0.3447 V in the presence of inhibitor at 2 g
concentration, decreasing gradually to 0.2048 at 6 g inhibitor concentration. The compounds identiﬁed
in the ES completely adsorbed onto the surface of stainless steel as observed from the EDX analysis. The
ES adsorption on stainless steel surface obeyed Langmuir adsorption isotherm. A corroded morphology
with pits was observed in the SEM results without ES which contrast the images obtained with the
presence of ES.
© 2018 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Corrosion is degradation of material properties as a result of
interactions with their environments, leading to huge amount of
money lost yearly. One of the major causes of stainless steel
corrosion is the presence of acids and chlorides which is a funda-
mental concern in academics and industries [1]. Seawater envi-
ronments are extensively used in industries such as gas production
and offshore oil, shipping, coastal industrial plants mainly for
cooling and power plants, desalination plants and oil ﬁeld water
injection. The presence of chloride anions is the main cause of
corrosion in these environments. Corrosion cause damage in the
marine industry due to exposure of vessels to chloride medium,
corrosion cost has geometrically increased yearly with an approx-
imately total cost of $50e80 billion worldwide [2]. The electro-
chemical behaviour and corrosion resistance of stainless steel in
this environment is of great interest because of its diversece Society
n open access article under the CCapplication in different industry, this account for its being selected
for use in this research.
UNS N08904 generally regarded as 904 L is a high alloy
austenitic stainless steel with low carbon, used widely in situations
where the corrosion property of stainless steel Type AISI 317 L and
316 L provides undesirable results. Some of the major uses of
stainless steel 904 L includes; wiring in electrostatic precipitators,
oil reﬁnery components, gas scrubbing plants, seawater cooling
devices, pulp and paper processing industries, sulphuric, phos-
phoric and acetic acid processing plants owing to their good
corrosion resistance, excellent stability, high strength and weld-
ability. Nevertheless, under critical environments corrosion of
stainless steel 904 L is unavoidable. Its resistance to corrosion can
be improved greatly with the use of corrosion prevention technique
which can enhance its life span. One of the most reliable and cost
proven way of preventing/minimizing corrosion is through the
consistent application of corrosion inhibitors [3e10]. Diverse
studies have been carried out in order to understand stainless steel
electrochemical characteristics in acidic, chloride and basic envi-
ronments [1,6,8,9,14e17]. There is a lot of research attention on the
behaviour of different inhibitors on steel corrosion but there areBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Chemical structure of egg shell powder.
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research related to steel corrosion. Eggshell corresponds to 11% of
the total weight of an egg and has been largely studied since 1964.
Eggshell is mainly made up of 95% calcium carbonate, 1% calcium
phosphate and other organic matters [19,20]. Egg shell is regarded
as a non edible product with very limited use, mostly disposed as a
waste. Due to high disposal costs and increasing environmental
concerns [18], it is necessary to ﬁnd a way of transforming the
waste eggshells into a valuable one leading to low disposal costs.
Egg shell has been previously studied as an inhibitor for Type 316
stainless steel corrosion in H2SO4 solution by our research group
[6]. We have found that this compound is efﬁcient inhibitor in
0.5MH2SO4 for Type 316 stainless steel and the corrosion inhibi-
tion is mainly controlled by a physisorption process. The aim of this
research is to study the inhibitive tendency of ES on stainless steel
UNS N08904 in 3.5% NaCl environment through weight loss and
potentiodynamic polarization tests. The chemistry and structure of
ES is anticipated to offer a signiﬁcant amount of electrochemical
actions for stainless steel corrosion inhibition in the chloride me-
dium studied. It is expected that the outcome from this study will
be of economic and technological beneﬁts.Fig. 2. EDX spectra of the egg shell powder.2. Experimental procedure
2.1. Material
Austenitic stainless steel (Type 904 L) sourced commercially
with elemental composition shown in Table 1 was used for this
investigation. The steel was made into electrodes measuring
2mm 2mm 1mm. The stainless steel samples after machining
were abraded with different grits of silicon carbide papers
(80e1000 grits), followed by polishing with 6 to 1 mm diamond
paste. The steel samples were later washed with de-ionized water,
rinsed with acetone, dried and stored in desiccators for potentio-
dynamic polarization and weight loss tests according to [11].2.2. Methods
2.2.1. Inhibitor formulation
Commercially available chicken eggshell powder was used as
inhibitor in this study due to its high calcium content and the
presence of other elements. Its structural formula is given in Fig. 1.
Fig. 2 illustrates the EDX spectra of the egg shell powder (ES) with
the chemical properties of the inhibiting compound. The choice of
this inhibitor is based on molecular structure considerations, that
is; the type of substituent's and number of active centers present in
the compound. The concentrations of ES used in the test medium
are 2, 4, 6, 8 and 10 g.Table 1
Stainless steel Type 904 chemical composition (%wt).
Element Compositions
C 0.011
Si 0.33
Mn 1.35
P 0.021
S 0.001
Cr 19.66
Ni 24.22
Mo 4.32
Nb 0.015
Cu 1.32
Co 0.120
N 0.0562.2.1.1. Test medium. Sodium chloride of 3.5% concentration was
used as the corrosive medium in this study.
2.2.2. Corrosion measurements
2.2.2.1. Weight loss test (168 h). This technique involves exposure
of sample material to a process medium for a particular period of
time, taking the weight of the sample at a time interval. Triplicate
experiments at room temperature were performed by separately
immersing pre-weighed samples in 250ml of 3.5% NaCl beakers.
After each immersion time, the specimens were washed in running
distilled water at the same time scrubbing the steel surface with a
soft brush. After drying in air, the electrodes were reweighed. The
test samples were taken out every 24 h washed with de-ionized
water, rinsed with acetone, dried and weigh again. Plots of inhibi-
tion efﬁciency (%), degree of surface coverage (ɵ) corrosion rate
(mm/year) and weight loss (mg) against time of exposure (hours)
were calculated from the recorded readings.
2.2.2.2. Potentiodynamic polarization tests. Stainless steel (UNS
N08904) samples embedded in resin with an unconcealed surface
area of 1 cm2 were prepared following [12]. Potentiodynamic po-
larization plots of stainless steel specimens in the test mediumwith
different concentrations of (ES) were measured with Potentiostat/
Galvanostat (model Reference-668) by NOVA software, 1.8 Version.
The linear potentiodynamic polarization methods were carried out
on the prepared samples immersed in sodium chloride medium
with and without diverse concentrations of inhibitor. Three elec-
trode systems were used for this method. The Type 904 stainless
steel plate embedded in resin was used as working electrode.
Platinum rod as counter electrode and Ag/AgCl (silver chloride
electrode) as reference electrode, this was connected to the cell
Fig. 4. Corrosion rate versus time of exposure for stainless steel sample dipped in NaCl
solution in the presence and absence of ES.
Fig. 5. Degree of surface coverage versus time of exposure for stainless steel sample
dipped in NaCl solution in the presence of ES.
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parameter; step potential (0.001 m/s), stop potential (þ1.5 v) and
start potential (1.5 v) was used according to [13]. The test solution
was maintained at a constant temperature by stirring with a
magnetic stirring bar. Prior to the test, the specimens were pol-
ished, degreased in acetone and rinsed carefully. Potential applied
against current density was plotted. Corrosion current was ob-
tained by extrapolating the corrosion potential to the linear part. In
cathodic and anodic curves, the linear slope part gives Tafel
cathodic and anodic constants (bc and ba) respectively.
2.2.2.3. Scanning electron microscopy and energy dispersive X-ray
spectroscopy (SEM/EDX). The SEM and EDX images of 904 L stain-
less steel samples with the presence and absence of ES were carried
out after weight loss test.
3. Results and discussion
Weight loss and potentiodynamic polarization techniques were
used to study the corrosion inhibition of stainless steel in
0.5MH2SO4 solution in the absence and presence of ES.
3.1. Weight loss technique
The results obtained from weight loss test for the samples dip-
ped in 3.5% sodium chloride solution with the presence and
absence of ES with different concentrations were shown in Fig. 3.
The test samples without ES demonstrated highest weight loss
values throughout the experiment. Theweight loss valuewas found
to decrease with the presence of egg shell concentration which
ranges from 2, 4, 6, 8 and 10 g. Lowest value of corrosion rate was
obtained with 6 g of ES concentration in 250mL-3.5%NaCl. In gen-
eral, the ES could be concluded as an effective inhibitor for stainless
steel corrosion in the 3.5% sodium chloride medium. Fig. 4 explains
the reduction in corrosion rate values with time of exposure for the
specimens tested at studied concentrations. The plot further in-
dicates that the specimen with 6 g concentration of ES had the
highest inhibition efﬁciency and lowest corrosion rate values. In
addition passivation on the electrode surface could be as a result of
corrosion deposit from the corroded electrode. Shown in Figs. 5 and
6 are degree of surface coverage and inhibition efﬁciency (IE)
graphs against time of exposure respectively. The results from Fig. 6
(IE) show that after 24 h of exposure, 6 g of egg shell revealedFig. 3. Weight loss versus time of exposure for stainless steel sample dipped in NaCl
solution in the presence and absence of ES.
Fig. 6. Inhibition efﬁciency (%) variation of stainless steel in the presence of ES in 3.5%
NaCl solution.
Fig. 7. Anodic and cathodic polarization curve of stainless steel in 3.5% sodium chlo-
ride medium at different concentration of ES.
Fig. 8. Langmuir adsorption isotherm of ES.
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after 48 h of exposure time in the sodium chloride solution for 8 g
and 10 g of ES. 92.45% inhibitive performance was recorded at the
end of the experiment in the presence of 6 g concentration of egg
shell powder. These results imply that adsorption took place ﬁrst
but slows downwith time as a result of decrease in concentration of
ES. Moreover, it is important to point out that the redox process of
the ES studied was affected, thus inﬂuencing the stainless steel
surface cathodic regions by physiochemical interaction between
the chloride solutions and the molecules of the inhibitor.
3.2. Potentiodynamic polarization technique
Cathodic and anodic potential polarized was measured in the
presence and absence of ES. Electrochemical values and parameters
such as cathodic Tafel constant (bc), corrosion potential (Ecorr),
anodic Tafel constant (ba), corrosion current (icorr), polarization
resistance (PR) and corrosion rate (mm/year) are shown in Table 2.
Fig. 7 explains the cathodic and anodic linear polarization curves
for ES in 3.5% sodium chloride medium at various inhibitor con-
centrations. The generated plots for stainless steel at various ES
concentrations in the studied medium are shown in Fig. 7. As
observed from Table 2 and 6 g ES concentration in 250 mLe3.5%
sodium chloride had minimum current density value of 2.38E-05
(A/cm2) exhibiting best inhibitive characteristics. In addition, it
shows the highest polarization resistance and lowest corrosion rate
values revealing it to be the most effective concentration. Without
ES, maximum corrosion magnitudes were observed as shown from
the overall potentiodynamic polarization result. The potentiody-
namic polarization technique result showed that ES alters drasti-
cally the electrochemical process initiating corrosion. Furthermore,
the inhibitive behaviour of ES is related to its formation and
adsorption of compact barrier ﬁlm on the metal electrode surface.
This was further shown by the corrosion potential values of the
samples with the ES when compared to values of corrosion po-
tential samples without the presence of ES. It was obvious from
Fig. 7 that cathodic and anodic plots were both polarized. The in-
hibitor molecules adsorption on the stainless steel surface blocks
the active sites thus slows down the corrosion rate. The obtained
results from weight loss and polarization techniques were in good
agreement (see Fig. 8).
3.3. Adsorption studies
Molecular adsorption can be used to further explain inhibition
of corrosion. The surface charge and nature of metal, organic
compounds chemical structure, type of aggressive media and
molecule charge distribution are identiﬁed factors inﬂuencing
process of adsorption. This was carried out by setting the obtained
experimental data to different adsorption isotherms. ES consists of,
oxygen (O) and nitrogen (N) which are known to be heteroatom
present in the ES structure. These elements are envisaged to have
notable inhibitory effect aiding its adsorption on the surface of the
metal. From this research, ES can be regarded as cheap andTable 2
Potentiodynamic polarization parameter for stainless steel with the presence and absen
Inhibitor concentration/g bc/(V$dec1) ba/(V$dec1) Ecorr/V
0 0.15592 0.042511 0.39907
2 0.033101 4.1757 0.34467
4 0.087664 4.9989 0.31483
6 0.060041 0.11787 0.20477
8 0.21568 0.1236 0.28479
10 0.061753 0.15328 0.20671environmental acceptable compound having a signiﬁcant inhibi-
tion tendency for stainless steel in 3.5% sodium chloride medium.
The investigated result as shown in Table 2 from the Tafel slope
parameter also shows that ES affects both the cathodic and anodic
reactions. Data obtained for (q) degree of surface coverage were
tested with diverse adsorption isotherm equations which include
Freundlich, Temkin, El-Awady, Langmuir, Frumkin, Florry e Hug-
gins and Bockris-Swinkel. The obtained results show that the
isotherm that best describes the stainless steel surface adsorption
characteristics of ES is Langmuir adsorption.ce of ES in 3.5% NaCl medium.
icorr/(A$cm2) Polarization resistance/U Corrosion rate/(mm$year1)
0.000166 87.224 1.9326
0.000128 111.48 1.4867
0.000115 324.07 1.3415
2.38E-05 725.06 0.27687
7.52E-05 453.62 0.87412
2.71E-05 705.18 0.31502
Fig. 9. SEM image of stainless steel after weight loss tests (a) without ES, (b) with ES.
Fig. 10. EDX spectra of stainless steel specimens after weight loss test (a) without ES, (b) with ES.
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spectroscopy (SEM/EDS)
Figs. 9 and 10 shows the SEM/EDX surface morphology analysis
of stainless steel in chloride medium with the presence and
absence of ES. Fig. 9 (a) and (b) is the SEM images of the stainless
steel in chloride solution without and with inhibitor, Fig. 10 (a) and
(b) is the EDX of stainless steel specimen after weight loss experi-
ment in sodium chloride medium with and without inhibitor, a
surface corroded sternly was noticed in this sample after immer-
sion without the presence of ES due to corrosive damage of the
sodium chloride. The stainless steel surface corrosion product layer
in the absence of inhibitor was porous and as a result gives no
corrosion protection. With the presence of ES, corrosion damage
was minimized, with an evidence of ES present on the metal sur-
face as shown in Fig. 10(b)4. Conclusions
The result presented in this manuscript supports the possibil-
ities of using eco-friendly waste products as new type of corrosion
inhibitors for stainless steel in saline medium based on the
following deductions:(1) Egg shell is an efﬁcient and excellent inhibitor for stainless
steel Type 904 in 3.5% sodium chloride solution for 168 h
with inhibition efﬁciency of 100% at 6 g egg shell
concentration.
(2) Inhibition by ES increases with increased inhibitor concen-
tration and decreased time of exposure, which indicates that
physical adsorption was the predominant inhibition mech-
anism because the quantity of adsorbed inhibitor decreases
with increasing exposure time.
(3) The adsorption of ES on stainless steel 904 L surface in 3.5%
NaCl medium ﬁts the Langmuir adsorption isotherm.
(4) The obtained results from linear potentiodynamic polariza-
tion and weight loss techniques are in good agreement.References
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